Mechanical properties of non-functionalized, multiwall carbon nanotube (CNT) reinforced polycarbonate composites are studied at room temperature and 77 K. Five sample groups are tested, ranging from 0 to 10.0 wt% CNT. The dispersion, interfacial bonding, bundling and CNT content, as well as the testing temperature, play a major role as regards mechanical properties. Mechanical testing shows increase in strength with increasing CNT content as well as an increase in Young's modulus and a decrease in ductility. The distribution of yield strength data for each sample group is analyzed using Weibull distributions. It is evident that interfacial debonding increases at low temperature. Higher CNT concentration samples are affected the most, which is reflected in a decrease in their impact on the mechanical properties at 77 K compared to RT. Scanning electron microscopy of fracture surfaces supports the interpretation of the measurement results.
Introduction
The worldwide interest in carbon nanotube (CNT) technology and applications has grown rapidly over the past ten years with innumerable research groups attempting to develop functional materials at every length scale. Although the characterization of CNTs and CNT-reinforced polymer-matrix composites has advanced rapidly [1, 2] , there is little known about the CNT and composite mechanical properties at cryogenic temperature. With the growing interest in cryogenic systems for space, hydrogen storage, superconductivity, etc, the need for new, high strength, low weight, cost-effective cryogenic structural materials is clear.
Thermoset polymers, in general, are not well-suited for cryogenic applications since they often exhibit cracking at such low temperatures. Although there are some thermoset polymers which were specifically designed for cryogenic applications [3] , thermoplastic polymers are a more logical matrix for cryogenic composites due to their high toughness which reduces the likelihood of cracking. Although the mixing of CNTs within a thermoplastic polymer matrix is challenging due to the relatively high viscosity, they remain a good choice because neither curing agents nor a curing process are required.
Here we report on the mechanical properties of CNTreinforced polycarbonate at 77 K. The effects of temperature, CNT dispersion, CNT concentration and interfacial bonding on the mechanical properties and fracture surfaces, as imaged by scanning electron microscopy (SEM), are discussed.
Experimental procedure

Sample preparation
Multiwall CNTs are grown via thermal Chemical Vapor Deposition (CVD) on a 4 silicon/silica wafer using a ferrocene-xylene system similar to that proposed by Li et al Figure 1 . SEM image showing nanotubes grown on a wafer using the CVD process (courtesy of RPI). [4] . CVD design specifications and process parameters used for CNT growth can be found in [5] . To maximize the mass yield of the CVD process, a growth time of about 4 h was used to produce CNTs of approximately 1 mm length and an average diameter of ∼65 nm. Figure 1 shows a scanning electron microscopy (SEM) image of the CVD grown CNTs used for the experiments discussed in this paper.
It is important to note that, although functionalized CNTs are typically more effective as mechanical reinforcing filler for composites, no functionalization was performed for these experiments for a number of reasons. First, as these experiments are the first tests of this kind, it was viewed that functionalizing would add complexity to an already detailed and large set of experiments. Functionalization would add uncontrolled variables such as defect concentration and functionalization chemistry that would need to be accounted for, expanding the already large sample set. Furthermore functionalization not only changes the interfacial interaction between matrix and filler but also the state of dispersion within the matrix. This change in dispersion is also a cause for the effectiveness of the functionalization and not merely the change in interfacial interaction. Clarifying which is the predominant cause for the improved performance, however, remains unknown.
Once removed from the silicon wafer, the CNTs are weighed to the desired mass fraction (0, 0.1, 1.0, 5.0 and 10.0 wt%) and melt-mixed with raw polycarbonate (PC) pellets at 50 rpm for 10 min at 290
• C using a ThermoHaake Twin Screw Melt Mixer. Melt mixing is preferred for composite formation in many cases since the affinity of CNTs to form aggregates may be decreased by suitable application of shear [6] . The composite is retrieved from the mixer and chopped into pieces of approximately 100 mg. About 700 mg of these chopped pieces per sample are heated in a three-cavity compression mold for 3 min at 250
• C and compression molded by roughly 2 metric tons for about 2 min. Finally, the mold with the shaped samples is placed in a cooling press under 2 metric tons until room temperature is reached. The mold is designed such that the samples are in the standard ASTM D 638 dog-bone shape as shown in figure 2. 
Mechanical testing
Tensile stress-strain measurements were performed at room temperature (RT) and 77 K. All testing was performed on a linear tensile testing device built at Florida State University (FSU) which is controlled by Motion Controller software [7] . The sample is held between the two sample grips as shown in figure 3 . The grips have a slot which has the same size and shape of the samples as to allow for easy insertion and alignment of the samples. One of the sample grips is attached to the load cell for load measurement. A thermocouple is attached directly to the sample for temperature measurements using Kapton tape and an extensometer is attached to the sample for displacement measurements using springs. For 77 K measurements, the tensile testing device is lowered into a cryostat which is slowly filled with liquid nitrogen (LN 2 ). To ensure thermal equilibrium is reached before testing, the system is kept in LN 2 for at least one hour.
During cool-down the sample strain state is monitored and the strain of the sample is adjusted to compensate for system/sample thermal contraction. After equilibrium is reached, the samples are strained with a strain rate of 0.20 mm min −1 (±0.02 mm min −1 ). The load, displacement and temperature data are collected using a LabVIEW program and analyzed using a Microsoft Excel spread sheet. Ten samples of each CNT loading are measured at 77 K and three samples of each sample type are measured at at room temperature. 
Results and discussion
Stress-strain results at 77 K
The load-displacement data are converted to stress-strain using the initial geometry of the sample. Results at 77 K for all CNT loadings are plotted in figure 4 . It is seen that at low CNT content (<1.0 wt%) there is very little change in behavior, within 2%, in Young's modulus whereas at higher CNT loadings, 5.0 wt% and 10.0 wt%, increases of 16% and 31%, respectively, are observed. One also sees a decrease in strain-to-failure with increasing CNT concentration for all samples, which implies that the composite becomes less ductile as the CNT concentration increases. It is noteworthy that 5.0 wt% CNT-reinforced samples resulted in the highest strength while still maintaining 4% strain-to-failure.
It is interesting to note that the stress-strain curves do not show the serrated yielding that we reported previously [8] . In the earlier work, significant serrations were observed in the plastic region, similar to those seen by Namilae et al [9] who attributed the serrations to debonding/bonding effects at the CNT/matrix interface. In our prior work, an earlier version of the mechanical testing device was used, and the change in the testing device may be responsible for the absence of serrated yielding here. The previous system was not capable of applying the large loads required for the high CNT loadings reported here, but was able, however, to collect data continuously. The new device requires a 700 ms pause between data points. As the serrated yielding process is dynamic, the 700 ms delay is likely to be sufficiently long to not observe this effect. Table 1 summarizes the toughness determined for the curves in figure 4 . The toughness was calculated as the average value of the ten tested samples for each sample type.
Using the trendline function from Microsoft Excel worksheet, the stress-strain data was fitted to find a function which mathematically describes the data. The function, then, was integrated over the entire strain range of the respective sample to calculate the toughness. Table 1 shows that 1.0 wt% samples show much lower toughness than expected. This is related to the CNT dispersion within the polycarbonate matrix since the value is low for all ten samples tested and all of the samples came from the same batch. The 0.1 wt% samples are the toughest of all reinforced samples. This is as expected since it is the least reduction in strain-to-failure. The standard deviations (σ ) indicate that with increasing CNT content, the toughness becomes more consistent. This is due to the fact that the pure PC has extensive variation in strain-to-failure in general, which in return implies that at and above 5 wt% CNT content the samples are dominated by the CNT reinforcement. Again, the 1.0 wt% sample appears to be an anomaly with 50% standard deviation, which can be attributed to the CNT dispersion or to a transition between two behavioral modes. What is likely is that the 1% data illustrates two competing effects. At this CNT content, there are sufficient CNTs to reduce the composite ductility, but not sufficient content to have significant increase in strength. Thus the toughness integral is reduced. The greater scatter in the data demonstrated by the high standard deviation indicates that at this intersection of two competing effects, variability in CNT dispersion has greater impact. 5 wt% samples seem to indicate a desirable strength to toughness ratio, but more testing is needed to confirm it. Figure 5 shows SEM micrographs of samples of each CNT loading. A systematic increase in the fracture surface roughness with increasing CNT loading is observed. Samples with a low CNT content (<1%) show a layered topography which is indicative of ductile fracture. The samples with higher CNT content (>5%) show a rough, grainy topography, indicative of brittle fracture. A sharp transition from ductile to brittle fracture surfaces with increased CNT loading is not seen; rather there is an evolution in surface roughness and structure. This is consistent with the measurement results showing the largest standard deviation in properties occurring in the 1% samples.
The average Young's moduli, maximum stresses and yield stresses, with standard deviations indicated by error bars, are plotted against the CNT wt% in figure 6 . The values were calculated as averages of ten samples per sample type. Figure 6 (a) shows that at low CNT content there is no significant change in Young's modulus, but after reaching a threshold content of about 1%, Young's modulus increases linearly with CNT content. It is noteworthy that the 10 wt% samples show both the highest modulus and the largest variance between samples. This is likely to be indicative of more variability in the CNT dispersion and bundling as content increases, with increased bundling and poor dispersion reducing the modulus. Figures 6(b) and (c) show that the maximum (ultimate) and yield stresses do not follow an immediately predictable pattern.
The optimal CNT concentration for strength may be either between 5.0 wt% and 10.0 wt% or above 10.0 wt%. To determine the CNT content at which optimum improvement of strength and stiffness are obtained, more data is required with CNT content in those ranges. Similar to Young's modulus, the composite strength is strongly influenced by bundling and CNT/matrix interfacial bonding and becomes more sensitive with increasing CNT content. This is especially evident in the 10.0 wt% samples.
At low concentration (<1.0 wt%) a slight decrease in strength is seen, indicating that small CNT concentrations act as defects rather than reinforcement. Additionally, figures 6(b) and (c) imply that 5.0 wt% CNT content is the threshold point at which the CNTs begin to affect the ultimate stress, while for the yield strength the threshold point lies between 2 and 3 wt% CNT. Below these CNT loadings there is not a major strengthening role.
Room temperature versus 77 K results
The mechanical behavior of samples at room temperature was compared to that at 77 K. The data are shown in figure 7 .
Since RT data is based on a limited number of samples (three samples per sample type), the following preliminary conclusion is based on the same restricted information. Regardless of CNT loading, the 77 K data show reduced ductility relative to RT; most show a strain-to-failure at 77 K that is roughly half that at RT. Figure 8 summarizes the data of figure 7 in terms of the increased mechanical properties at 77 K relative to room temperature as a function of CNT loading. In general, a large increase in Young's modulus and strength is seen for low CNT content at 77 K relative to room temperature. Clearly some of the effect is due to the matrix behavior alone; for example, the stiffness of 0 wt% CNT samples has doubled, the maximum strength more than doubled, and the yield strength almost tripled at 77 K compared to RT. Interestingly, samples with high CNT content show an increase in strength at 77 K compared to RT, but there is little difference in modulus. One can interpret the clear trends in figure 8 as indicating the difference between room temperature and low temperature mechanical behavior is greater for the matrix than for the CNTs, so the relative difference decreases as the CNT loading increases. Figure 9 shows SEM micrographs of 5 and 10 wt% samples at room temperature and 77 K. The SEM results indicate that at low temperature there is significantly more interfacial debonding than at room temperature and that this becomes more significant as the CNT content increases.
The CNT bundling effect, which is more severe at higher CNT content, has a more catastrophic effect on the interfacial debonding and hence cryogenic temperature properties, by creating larger voids between matrix and nanotubes. The interfacial debonding at low temperature is particularly understandable for the non-functionalized CNTs used here. According to Maniwa et al [10] , multiwall CNTs have very low coefficient of thermal expansion (CTE) of 16-26×10 −6 K −1 , whereas the CTE of polycarbonate ranges from 32 × 10 −6 to 120 × 10 −6 K −1 [11] . Thus, as temperature decreases, the nanotubes contract much less than the PC matrix and the difference results in compression on the CNTs, tension on the PC, and significant shear at the interfaces. These internal stresses, and the shear in particular, exacerbate the tendency for interfacial failure by causing breaking of the weak van der Waals bonds between the polymer and the CNTs.
Statistical analysis
The mechanical behavior of composites, and in particular the low temperature behavior reported here, depends on the microstructure and in particular the behavior at the CNT/matrix interface. As there is no single strength value to represent their mechanical behavior [12] , and because there is significant sample-to-sample variability in the results, a statistical approach using a Weibull distribution is used to further describe the yield strength of each sample group. A Weibull distribution is a statistical model used in failure analysis and is mathematically described by a reliability function:
where x is representative of the variable of interest (in this case the yield strength), and α, β and γ are the scale, shape and location parameters, respectively. The scale parameter describes the spread of the distribution where a large scale parameter indicates wide distribution and a small scale parameter a narrow distribution. The shape parameter describes the failure rate such that β > 1 indicates an increasing failure rate, β = 1 a constant failure rate and β < 1 a decreasing failure rate over time. The location parameter describes the minimum value of failure below which no failure occurs. α, β and γ are determined by fitting the stress-strain data in figure 5 to equation (1) using an Excel spreadsheet [13] [14] [15] . Ten samples per sample group are used in this Weibull analysis. The number of samples used is a practical limit related to sample availability. Figure 10 shows the actual and optimized regression curves for the 10.0 wt% CNT samples and is representative of the regression curves for the other sample groups. The regression curves (figure 10) are obtained following the approach by Dorner [14] , where strength data for each sample group is used to generate a regression curve (line) of the form Y = m X + b. The regression function in Excel automatically returns values for α and β where β comes directly from the slope and α is calculated as exp(−b/β). If β > 6.0 then the location parameter γ is needed to adequately model the data, which is the case for each CNT loading studied here. To calculate γ , the Excel Add-In Solver is used to perform the necessary iterations until α, β and γ are obtained. Using these parameters, listed in table 2, the Weibull reliability as function of (yield stress-γ ) is plotted as seen in figure 11 .
The Weibull parameters define the reliability of the samples and figure 11 shows that 0.0, 0.1, and 5.0 wt% CNT PC samples exhibit a gradual decrease in reliability with increasing yield strength while the 1.0 and 10.0 wt% CNT samples exhibit a slow drop in reliability at first, but a rapid drop following a critical yield strength of about 85 MPa and 120 MPa respectively. This observation, in combination with characteristics mentioned in previous sections, implies that the 1.0 and 10.0 wt% CNT samples undergo more catastrophic failure if the respective critical strengths are reached. For 10.0 wt% samples this is due to bundling where an abrupt break of the sample happens once the failure propagates to a bundling site. For the 1.0 wt% samples, poor CNT dispersion is the most likely reason, with the CNTs acting as defects. γ values in table 2 represent the minimum yield strength for each sample group below which no failure occurs. According to this data, 5.0 wt% samples have the highest minimum yield strength, 140.6 MPa, while plain PC is the sample group with the lowest minimum yield strength, 59.7 MPa. This clearly indicates the strengthening effect of CNT inclusions. The 10.0 wt% samples do not have the highest minimum yield strength which is likely due to poor interfacial strength between CNTs and matrix and/or an indication that insufficient CNT dispersion in the matrix can reduce the CNT effectiveness significantly. 
Conclusions
The mechanical behavior of non-functionalized multiwall carbon nanotube reinforced polycarbonate has been characterized at room temperature and 77 K to gain insight into the properties and failure mechanisms. It was found that the CNT content directly impacts the mechanical behavior. At low CNT content (<1 wt% CNTs), minimal effects are observed and some properties decrease at low CNT content relative to pure polycarbonate as the CNTs behave as defects rather than reinforcement. Above the threshold CNT content, the Weibull reliability curves for all samples. These curves represent the probability of a sample having a particular value of yield stress above the location parameter, γ . Note that all samples have yield stress at least as high as γ .
Young's modulus increases linearly with CNT content. The maximum stress and yield stress, however, show a non-linear correlation with increasing CNT content that is a trade-off between increased interfacial problems due to CNT bundling and the increase in mechanical properties expected from CNT strengthening. It was also found that the threshold point at which CNTs begin to improve the composite properties lies above 2 wt% for yield strength and is around 5 wt% for maximum strength. SEM observations show that an increase in CNT content results in rougher and grainier fracture surfaces, consistent with decreasing ductility with increasing CNT content. It should be noted that the CNTs used here were not functionalized, however one expects that functionalization would likely cause an increase in the composite mechanical performance in terms of elastic modulus at the lower CNT loadings. Coinciding with the modulus gains would be a loss in toughness, possibly significant. At the higher CNT percentages there would likely be a diminishing return associated with functionalization as the bundling and aggregation behavior of the nanotubes becomes more dominant and isolated nanotube-matrix interfacial interaction becomes less of a key to mechanical performance (more of a nanotube network type behavior).
Comparing the mechanical behaviors at 77 K and room temperature, it is evident that at 77 K the strength is increased and the ductility is reduced. It is concluded that the increase in mechanical properties at cryogenic temperature with respect to RT is attributed mainly the polycarbonate matrix. It is also evident that the percentage increase in mechanical properties due to decreased temperature decreases with increasing CNT content. SEM images show that, despite relatively good CNT distribution and good interfacial bonding in samples with <5.0 wt% CNT, the reduced temperature causes samples to have more significant debonding effects due to differences in the thermal contraction of the polycarbonate relative to the CNTs.
The 77 K data was analyzed statistically using Weibull reliability curves. These results indicate that the 1.0 and 10.0 wt% CNT samples undergo more catastrophic failure if the respective critical strengths are reached. For 10.0 wt% samples the probable cause are the bundling sites which could lead to the abrupt break, whereas for the 1.0 wt% samples poor CNT dispersion might be the cause. These results indicate better properties in CNT-based macroscopic composites can be obtained with better CNT dispersion.
